Until now, metal-organic hybrid perovskites (MOHPs) have been known mainly for their remarkable electronic (1-3) and optical properties, generating immense interest worldwide and offering the potential to realize the goal of highly efficient and inexpensive solar power conversion (1, 4, 5) as well as a wide variety of other optoelectronic applications (6, 7). In an exciting development that promises to electrify the already hot field of MOHPs, Rakita et al. (8) for the first time demonstrate unambiguously that a tetragonal trihalide perovskite is ferroelectric, associated with a spontaneous and reconfigurable ion ordering. This opens the door for the realization of multiple functionalities derived from ferroelectric behavior and a wide range of devices that can be enabled by the juxtaposition of ferroelectricity and the excellent semiconducting and electronic structure properties of MOHPs.
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Ferroelectrics Set the Stage
Ferroelectricity, defined as the presence of a spontaneous and switchable bulk dipole moment (polarization), has a long history of turning up in unexpected classes of materials. Ferroelectric behavior was first discovered in 1920 in the Rochelle salt compound (9) . Upon the discovery of ferroelectricity in compounds such as potassium dihydrogen phosphate (KDP) in the 1930s (10), ferroelectricity was thought to be a curiosity restricted to compounds with hydrogen bonds and complicated unit cells. Approximately twenty years later, the discovery of ferroelectric behavior and excellent piezoelectric properties of man-made BaTiO 3 (with a simple five-atom unit cell) (11, 12) spurred an upsurge of ferroelectric research. Ferroelectric behavior has been observed in a wide range of perovskite oxides, including the lead zirconate titanate solid solution (13) that has formed the mainstay of piezoelectric devices for several decades. Theoretically, ferroelectric behavior was placed in the wider context of symmetry-breaking materials by Devonshire (14) . This worked to unify the different mechanisms of ferroelectricity (e.g., hydrogen-bond-driven in KDP and Ti 3d-O 2p hybridization in BaTiO 3 ) under a single framework of symmetry breaking. These developments moved ferroelectric materials from an obscure subject of academic interest to an intensely studied field of fundamental and applied science and engineering. Much progress has been made in the studies of oxide ferroelectrics, with particular focus on the perovskite oxides. Several theoretical works have explained how the transition metal-oxygen bonding is crucial for the appearance of ferroelectric behavior and have explored the displacive and order-disorder mechanisms for the generation of spontaneous polarization at low temperature.
Ferroelectric Mechanism(s) in MAPbI 3
The discovery of the unusual photovoltaic (PV) performance of hybrid perovskites, including a report of open-circuit voltages exceeding the band gap (15) , has raised the question of the presence and role of ferroelectricity in their fascinating properties, but due to their semiconducting nature and problems with leakage there was no definitive experimental answer to this question until now. In Rakita et al. (8) ferroelectric materials come full circle; the authors show that an MOHP exhibits ferroelectric behavior that may arise from the organic molecule orientation in these materials. This work once again expands the range of possible ferroelectric materials to an entirely new class of compounds and chemistries and opens the possibility of coupling the fascinating properties of hybrid perovskites with the various functional behaviors enabled by ferroelectricity.
Interestingly, ferroelectricity in MAPbI 3 arises from a mechanism different from that in its oxide perovskite cousin. Rakita et al. (8) show that the dipoles of the individual methylammonium (MA) molecules in their cages, which are permanent and introduce an irremovable local asymmetry, can order at low temperature to form large ferroelectric domains. While MA molecules act as the driver of ferroelectric behavior, the PbI 3 sublattice also plays an important role by coordinating its deformation with the MA dipoles, enabled by the covalent nature of the Pb-I bonds. This is the opposite of the behavior of the BaTiO 3 material and other oxide perovskites, where the covalent transition metal B-cation oxygen bonding leads to a second-order Jahn-Teller distortion that is then accommodated by the A-O sublattice. Additionally, due to the permanent local dipoles of the MA molecules, the ferroelectric-paraelectric transition in MAPbI 3 is mostly of the order-disorder type, unlike the strong displacive character found in the perovskite oxides.
Ferroelectricity in MOHPs: Functional Materials Crossroads
The substantiation of ferroelectric behavior brings new and exciting functional complexity to an already rich materials discovery platform. MOHPs have risen to preeminence due to their promising PV properties, and they have a wide variety of enigmatic optoelectronic responses. Strong light absorption and emission along with long carrier lifetimes suggest applications as detectors, sensors, and in solid-state lighting. Combining ferroelectricity with these optoelectronic properties suggests many opportunities for tailored multifunctional properties. The dielectric and optical response tensors could potentially be reoriented via electric-field control of the polarization. Conversely, optical excitation in these low-band-gap materials can create high enough carrier densities to influence the polarization, a phenomenon known as photoferroelectricity (16) . This may be closely related to recent predictions and reports of photopiezoelectricity.
The coexistence of organic and inorganic ions in MOHPs has captured the attention of the organic PV and inorganic PV communities, with both developing new understanding through analogies to soft and hard materials. Furthermore, ferroelectricity in MOHPs can have a variety of complex properties, due to their disparate dipole types. The molecular cations can rotate to change their dipoles (leading to order-disorder ferroelectric transition), whereas the Pb-I 3 subsystem can grow and shrink dipoles (displacive behavior). The interactions of these two subsystems should lead to fascinating new polar phase transition types.
The MOHPs have lower coulombic charges than conventional oxide perovskite ferroelectrics. As a result, the new reports of ferroelectricity in this lower-elasticity MOHP class could lead to strong piezoelectricity and other responses. The elastic softness (and the polar reorientations) could help to explain recent reports describing the MOHPs as "self-healing" (17, 18) or otherwise resistant to the influence of defects.
Based on the experimental work of Rakita et al. (8) , the MOHPs are semiconducting ferroelectrics-materials that combine electric polarization and low band gap in the visible range. This juxtaposition of properties is quite rare, although the semiconducting ferroelectrics club (19) has been increasing in size due to materials discovery research (20) . The bulk PV effect (discussed below) is an intriguing alternative approach to converting light to electricity that has been attracting sharply increasing attention over the past decade.
These milestone findings generate additional questions that are likely to attract new researchers to pursue the challenges and opportunities they present. For example, this evidence of a ferroelectric phase in a material that is already endowed with intriguing properties demands investigation of the possible ferroelectric domain structure (21) , an additional symmetry-breaking feature that arises in ferroelectrics as a consequence of a balance among dipolar electrostatic and elastic forces, incorporating surface and interfacial boundary conditions. Domain widths can span orders of magnitude, from nanometers to even millimeters or larger in scale. This suggests many promising physical connections between domain structure and functional properties.
Paramount to a number of functionalities, including those that couple local or macroscopic polar ordering with the separation and transport of electronic carriers, domain structure confers spatial programmability of local optical refraction and of electrostatic potential landscape, albeit limited by the manifold of crystallographically equivalent directions. In MAPbI 3 , the observed domains are small, and Rakita et al. (8) report the classic scaling of their width. Is it possible to attain a single-domain state throughout the crystal? Can arbitrary polarization patterns be induced and stabilized with polarization vectors lying along any direction?
In Rakita et al. ferroelectric materials come full circle; the authors show that an MOHP exhibits ferroelectric behavior that may arise from the organic molecule orientation in these materials.
Researchers have wrestled with the challenge of experimentally analyzing polar order in low-band-gap materials previously; these new findings heighten the quest for new ways to access and use the ferroelectric polarization in these materials. In conventional ferroelectrics, the domain wall type-that is, the angle between the polarization orientations in adjacent domains and the wall orientation-can render a wall either electrically conducting or insulating, even mimicking a bipolar junction. In a material that exhibits unexpectedly high carrier mobility, long carrier recombination lifetime, and high quantum yield, even lasing and laser cooling, these results invite the tantalizing possibility of forming reconfigurable networks of domain-wall superhighways (22) . Such "interstates" could be used to locally engineer electronic structure, guiding the flow of electronic carriers and prompting a search for collective excitations and related dynamics.
Although MAPbI 3 is perhaps the archetypal MOHP compound, it is natural to inquire whether ferroelectricity can be retained in other isostructural MOHPs or lower-symmetry variants, and the extent to which the functional properties can be tailored. Efforts to identify new multiferroics (e.g., materials exhibiting simultaneous ferromagnetic and ferroelectric behavior) face the similarly daunting task of combining two seemingly contradictory properties in a single material. Although there are many oxide magnetoelectric multiferroic compounds, the advent of a ferroelectric in which the polarization arises from the A-site molecular cation raises the question as to whether magnetic order can be introduced. One may consider possible magnetic cation-containing crystals in different trihalide solid solutions, with substitution of different magnetic cations on the B-site, although the thermodynamic stability of such compounds is not yet known.
The MOHPs show high conventional PV response, and this is closely related to their high carrier mobility. Extending the findings of Rakita et al. (8) , ferroelectricity in MOHPs opens up many possibilities for the polar order to influence and enhance PV efficiency. Polar discontinuities at free surfaces, interfaces with other materials, and internal interfaces (grain boundaries and ferroelectric domain walls) all serve as sites of local electric field that can separate carriers and keep them apart. These ideas in addition to the Rashba effect (23) have been proposed to contribute to the long carrier lifetimes, and the present direct observation of ferroelectricity could enable future work solidifying these proposed connections between polar order and optoelectronics.
In addition, even a single-phase noncentrosymmetric material can offer significant PV response, known as the bulk PV effect (BPVE). The BPVE has been studied since its initial discovery in the 1960s (24) . Even for uniform materials under uniform illumination, noncentrosymmetric materials give rise to steady-state current through two mechanisms (25) known as "shift current" (26, 27 ) and "ballistic current" (28) .
The BPVE has been suggested to play a beneficial role in the PV response of MOHPs (29) . The BPVE is predicted to enhance the open-circuit voltage and the PV efficiency of MOHPs such as MAPbI 3 . With the advent of direct observation of ferroelectricity by Rakita et al. (8) the deciphering of the role of the BPVE in this important class of materials can be envisioned in the near future.
